ABSTRACT Some commercial equipment used to qualify substances in complex mixtures employs the principle of observation of the interaction of these substances with electromagnetic radiation. The chemical bonds present in the molecules of the substance absorb specific wavelengths, allowing for extracting important information about the physical properties of the analyzed element. However, such equipment is expensive, hampering access to it. With new optoelectronic components available in the market, it is possible to develop devices with the same operating principle of commercial equipment. With this in mind, several authors have suggested prototypes with a lower cost that are applicable to the ultraviolet and visible range, making their development less complex. This paper presents the development of an optoelectronic prototype for substance qualification using LEDs as the light source, with emission in the range of 1400-2250 nm (nearinfrared range). A GaInAsSb-based photodiode was used to detect the signal. The sampling mode used in the development of this work was diffuse reflection, which is applicable to non-homogeneous substances. Bandpass filters were employed to validate the methodology, where the results show that the prototype can perceive the variation of the intensity of the spectrum received by the sensor.
I. INTRODUCTION
Of the existing methods for qualifying substances in complex mixtures, observation of the interaction of these substances with electromagnetic radiation stands out. The chemical bonds present in the molecules absorb energy at specific wavelengths, and by measuring the luminous intensity that is reflected or passes through by a sample, the substances present in that compound can be determined. This technique can be applied in several processes, such as fruit quality analysis [1] , identifying powder blends for application in the pharmaceutical and food processing industries [2] , mineral analysis [3] , and monitoring the quality of cow's milk during milking [4] . However, the larger the range of the analyzed spectrum, the higher the cost of the equipment capable of this analysis.
Several authors have presented portable devices, based on the same fundamentals of commercial equipment, to overcome the high values of the commercial devices. These devices, although based on the same physical principle, have more specific applications. Among them, one can mention the development of prototypes for measuring relative changes of tissue blood flow and oxygenation [5] ; parameters of ripeness in wine grapes [6] ; and ABO, Rh phenotype, reverse, and crossmatching human blood typing [7] . Some of these prototypes have been developed for educational use using LEGO R pieces for constructing the optical support elements [8] , [9] .
All the prototypes mentioned previously have in common the same spectrum range being observed. These prototypes are geared towards the ultraviolet and visible region (UV-VIS), as they measure light intensity at wavelengths below 1,100 nm. The underlying topology of most spectrophotometers consists of a light source, monochromator, and detector. The light source may be a deuterium lamp or tungsten lamp, as these types of lamps emit electromagnetic radiation in the ultraviolet and visible regions, respectively [10] . Among the components mentioned above, the monochromator is responsible for separating the light beam at different wavelengths. The works presented by Veras et al. [11] and Taha et al. [12] used simple compact disks (CDs) for monochromator.
Another method of separating the wavelength, which does not involve the use of monochromator, is by using LEDs as a light source. LEDs have a narrower bandwidth relative to other light sources, making them advantageous for applications where the mixtures analyzed absorb radiation at known wavelengths. The work presented in [13] used LEDs with peak emission at five different wavelengths, developing an optical system capable of measuring concentrations of nitrogen dioxide and sulfur dioxide, both with a resolution below 1 ppb, and ozone, down to 30 ppb. In [14] , LEDs were used, with the emission peak in seven different wavelengths, to detect adulterations of hydrated ethyl alcohol fuel by water or methanol. From the use of LEDs as the light source, both works obtained satisfactory results in their prototypes.
In the present work, the design and development of an opto-electronic system of a prototype for the qualification of substances of interest in non-homogeneous substances is presented. The range of interest ranges from 1,400 nm to 2,250 nm (near-infrared range). The prototype uses 10 LEDs with infrared emission, in five different wavelengths, as light sources; the light emitted by the sources is reflected multiple times inside an integrating sphere before being detected by a GaInAsSb-based photodiode. The voltage level given by the photodiode conditioning circuit, along with the chemometric treatments, intimates whether there is absorption at a specific wavelength; thus, to determine the presence of a specific substance in the sample.
In the literature, we can highlight other authors who also proposed prototypes that measure the absorption of light in wavelengths in the near-infrared range using LEDs as the light source. Examples of these prototypes can be found in the works of Ribeiro et al. [15] , Moreira et al. [16] , and da Silva Dias et al. [17] for the quantification of water in milk; the work of Gentilin et al. [18] , for the measurement of moisture in coffee powder; and the work of Moreira et al. [19] , for the quantification of ethanol in gasoline. In these works [15] - [19] , the absorption of radiation was observed in fewer than five different wavelengths.
II. NEAR-INFRARED SPECTROSCOPY
The NIR spectroscopy technique, which ranges from 780 nm to 2,500 nm [20] , is based on the transfer of electromagnetic energy to mechanics associated with the movement of atoms. Every molecule vibrates in its fundamental state; however, the incidence of light at specific wavelengths can be absorbed by the covalent bonds of the molecule, generating stretching and folding movements [21] . The absorptions observed in the near-infrared region are overtones or combinations of the fundamental stretching bands that occur in the 3,000 to 5,800 nm regions. The bands involved are usually due to C-H, N-H, or OH stretching [22] .
A. DIFFUSE REFLECTANCE
Sampling methods associated with spectroscopy can be performed in several ways, each technique has advantages and limitations, making it appropriate to employ certain approaches for specific applications. The methodology used in this work was diffuse reflection.
In the reflectance method, the reflected radiation of the sample to be analyzed is measured. In constrast to the transmittance, the reflectance is not limited by the thickness of the sample or its time of preparation. Because it is a non-destructive technique, and its signal-to-noise ratio (SNR) is typically lower than its transmittance, it is widely used for such advantages. Among the modes in which the reflectance occurs, we consider diffuse reflectance. Diffuse reflectance occurs when a beam of light is reflected by the sample in random directions, resulting in dispersion and absorption. An integrating sphere is used in this technique, as shown in Fig. 1 [23] . 
B. INTEGRATING SPHERE
The integrating sphere is a device for measuring optical radiation. Its main characteristic is that any fraction of luminous flux received by an infinitesimal area of the sphere is the same for any point of its surface.
The incident light in a diffuse surface creates a virtual light source for reflection [24] . The light emanating from the surface is best described by its radiance, that is, the flux density per unit of the solid angle. Radiance is important in predicting the amount of flow that will be collected by an optical system. The radiance, L s , of a diffuse surface, for an input flux, i , is given by
where ρ is the reflectance of the sphere wall and π is the total projected solid angle from that surface. For an integrating sphere, the radiance equation must consider both multiple surface reflections and losses through the port openings. A sphere with an input flux, i , input port area, A i , exit port area, A e , and total area, A s , can be seen in Fig. 2 . The input flux is perfectly diffused by the initial reflection. The amount of flux incident on the entire sphere surface, after the first reflection (n = 1), is given by
In (2), the quantity in parenthesis denotes the fraction of flux received by the sphere surface that is not consumed by the port openings. The term can be calculated as (1 − f ), where f is the port fraction f = (A i + A e )/A s . When more than two ports exist, f is calculated from the sum of all port areas. After n reflections, given that
Equation (3) indicates that the total flux incident on the sphere surface is higher than the input flux due to multiple reflections inside the cavity. Thus, the radiance of the surface of the sphere given by (1) can be rewritten as
Equation (5) is used to predict integrating sphere radiance for a given input flux as a function of sphere diameter, reflectance, and port fraction. It can be noted that this means that is the radiance decreases as sphere diameter increases. Analyzing the multiplicative terms of (5), we note that the first term is approximately equal to (1) and the second is a unitless quantity that can be referred to as the sphere multiplier, M , given by [25] ,
This accounts for the increase in radiance due to multiple reflections; (6) shows the magnitude of the sphere multiplier, M , and its strong dependence on both the port fraction, f , and the sphere surface reflectance, ρ.
For most real integrating spheres, the approximate values are 0.94 < ρ < 0.99 and 0.02 < f < 0.05. Thus the sphere multiplier is in the range of 10-30. Fig. 3 shows the prototype diagram. The system consists of temperature control, emission modules, the integrating sphere, detection, and the interface. A set of 10 LEDs, with emission in the infrared spectrum with wavelengths in the range of 1,400 nm to 2,350 nm, was used as the light source. The emitters are individually driven via a driver circuit, which guarantees the same light output at all drives. In the circuit, the microcontroller MC9S08JM32 of NXP Semiconductors is responsible for generating the drive signal, whereas a digital potentiometer is used to determine the current value for each emitter.
III. PROPOSED SYSTEM
Coupled with the integrating sphere, an aspheric lense with 27-mm diameter and 13-mm focal length, manufactured by Edmund Optics, was used for directing the infrared rays emitted by the diodes. After the incidence of light occurs on the sample, one part is absorbed whereas another is reflected multiple times by the sphere surface until it is directed to the sensor. The photodiode used is the PD24-03 based on GaInAsSb, manufactured by Roithner LaserTechnik, which responds in the range of 1,000-2,430 nm. The signal received by the photodiode is conditioned through several stages before being sampled; here, a 24-bit ADS1220 ADC from Texas Instruments was used.
A temperature control module was used to maintain the temperature at 25 • C in the compartment containing the LEDs, sphere, and photodiode. To heat or cool the enclosed contents with the control, a Peltier chip was used. For the reverse polarity of the Peltier chip, an H-bridge was used. Finally, the interface module uses a 20×2 alphanumeric LCD for displaying the current temperature in the enclosure.
Communication between the modules is established by the controller area network (CAN) protocol; CAN is a realtime communication protocol with a high level of security and multi-master capability; it also includes the multicast concept and allows the message to be transmitted to a set of receivers simultaneously.
IV. OPTICAL SYSTEM A. INTEGRATING SPHERE DEVELOPMENT
The optical structure developed is shown in Fig. 4 . The structure is composed of an integrating sphere with three ports: the first one is for light input, the second for the sample and the last one for the exit of the reflected light to the detection system. In addition to the integrating sphere, the system contains a converging lens, LEDs with an infrared emission range, a photodiode and a borosilicate glass to ensure insulation between the sphere and sample. The light emitted by the LEDs is converged by the lens and directed to the sample, where part of the energy will be absorbed and part will be reflected diffusely. The integrating sphere is coated with a polymer reflecting the rays until they exit through the port where the sensor is located. Once the rays reach the sensor, the signal is conditioned and sampled for further analysis.
Commercial integrating spheres can be found with diameters starting from 2 inches, but the high cost of acquisition makes it inhibitory for certain applications. As an example, a 2 inch, Spectralon TM coated, 3-port integrating sphere, exceed the value of USD 1,700. However, it is possible to design a sphere with alternative materials, such as expanded polystyrene [26] and acrylonitrile butadiene styrene (ABS) plastic [17] , [27] . The integrating sphere of this paper was designed in a 3D CAD software and later printed in white ABS plastic using a 3D printer.
The sphere has an internal diameter of 60 mm, with a port of 15 mm in diameter for light entrance, a 12.50-mm port for the sample, and one port with 3 mm for the detection system. The external dimensions of the structure are 66 mm, 66 mm and 67 mm (width, depth, and height).
As ABS material does not exhibit a significant reflectance index, it is necessary to coat it with a polymer capable of increasing this factor. Commercial spheres use materials like Spectralon TM , Spectraflect TM , and gold. The response range of Spectralon and Spectraflect TM ranges from 300 nm to 2,400 nm, whereas for gold coatings, the range reached is 800 nm-20µm [28] . These materials have reflectance up to 94% for a large part of the NIR region, but they are costly solutions, making it impossible to apply them in the prototype.
To solve the reflectance problem, a coating was prepared of barium sulfate (BaSO 4 ). The coating preparation procedure is the same as that described in [17] .
ABS plates with a size of 30 mm × 30 mm and thickness of 3 mm were used to perform reflectance tests of the prepared polymer. Layers of this solution where applied in the ABS material, and tested in commercial equipment. In the equipment, a PTFE (polytetrafluoroethylene) disc with a reflectance higher than 0.99 was used as a reference. Once the number of layers applied on the ABS piece reached a reflectance value higher than 0.85, and the parts that make up the sphere were coated. However, the actual reflectance value of the sphere was not measurable due to its inappropriate format for commercial equipment.
B. SPHERE MULTIPLIER
Since the sphere parameters are known, except for reflectance, ρ, it is possible to calculate the range of magnitude of the multiplier, M , of the sphere. Knowing that the port fraction, f , is given by the sum of all port areas by the total area of the sphere, we have:
• A input port = 56.25π mm 2 ;
• A exit port = 2.25π mm 2 ;
• A sample port = 39.06π mm 2 ;
• A sphere = 3, 600π mm 2 . Therefore, f is calculated by,
Using (6), and by varying the ρ parameter in the range of 0.75 to 0.95, we have the possible values for the M multiplier shown in Fig. 5 . This indicates that the value of M is in the range of 2.7-12.5. Another definition for this multiplier indicates that this number is the average number of times a photon is scattered in the sphere, before it is absorbed in the coating or escapes through a port.
V. CONDITIONING CIRCUITS A. DRIVER CIRCUIT FOR THE NIR EMITTERS
The Fig. 6 shows the circuit that was used to activate the LED identified as A. The activation of the other components is performed with the same topology. This configuration ensures that the power emitted by the LEDs is equal in all analyses performed. It is essential that the light be pulsed; VOLUME 7, 2019 otherwise, the detector has no sensitivity to the signal. In this way, a pulsed drive control was used through control pins and an AND gate logic circuit. The clock signal determines the frequency of the light sources. In this system 700 Hz was used.
The current value is determined by setting a digital potentiometer (MCP4341). This potentiometer allows adjusting the voltage supplying the non-inverting input of a buffer circuit, which can vary from 1.8 V to 0 V, corresponding to the voltage value of the Source terminal of a MOSFET transistor (Q2). Therefore, the current value, I LED , which activates the set of LEDs, is
where V + is the non-inverting input voltage of the operational amplifier.
Because the circuit has a digital potentiometer, the adjustment of the output current can be done via software, using a serial peripheral interface (SPI) communication protocol. Therefore, since the non-inverting voltage is proportional to the adjustment of the tap, n, of the potentiometer MCP4341, we have
Replacing (10) in (9),
where n is an integer value between 0 and 128. Thus, the current value can be set between 0 A to 180 mA. The LEDs that were used are shown in Table 1 . LEDs were chosen with an emission range that could cover a range of the infrared spectrum coincident with the bandpass filters that were used for tests. 
B. PHOTODIODE CONDITIONING CIRCUIT
Photodiodes are sensitive to ambient light, a fact that can make them difficult to use in many applications. Typically, the conditioning of a photosensor involves the implementation of a transimpedance amplifier circuit, which provides an output voltage proportional to the photocurrent generated. However, this signal has an intrinsic offset as a function of the single direction of conduction of the photodiode, which is added to the voltage generated by ambient light.
In applications like the detection of light absorption in certain mixtures, generally, a small variation in luminous intensity is measured; therefore, it is necessary to amplify the received signal. To enable maximum signal excursion and reduce external effects, an offset may be required.
The conditioning that was used involves a dynamic circuit for offset compensation (Fig. 7) . The U1:D amplifier acts as a non-inverting integrator, which adds the influence of the DC voltage to the transimpedance circuit through the resistor R5. The current through R5 cancels the current supplied by the photodiode at frequencies lower than the cutoff frequency of the integrator, given by
The displayed circuit has a cutoff frequency of 15.91 Hz. This setting requires that the pairs C2 and C3, R4 and R6 have the same values. In this system, the output voltage of the circuit, V 1, is given by
where V DC is the offset voltage A synchronous detector was used to enhance the sensitivity of the sensor and increase its immunity to noise (lock-in amplifier). The output signal of the transimpedance circuit, with a frequency of 700 Hz, is pre-amplified using a non-inverting amplifier, with gain given by
and then demodulated by the CI AD630 (Fig. 8) . In this configuration, the signal is multiplied by a gain ±1 as a function of the generator clock of the luminous pulse, which ideally has the same phase and frequency. Thus, the desired information has its spectrum returned to the baseband, center frequency of 0 Hz, whereas spurious signals are modulated at different frequencies. In this way, it is possible to recover the desired information by applying a low-pass filter with a cutoff frequency close to zero. In this circuit, a second-order Sallen-key filter with a cutoff frequency of 0.5 Hz was used, followed by a buffer circuit, as shown in Fig. 9 . In this filter, we have the cut-off frequency, f c , given by After these stages, output V3 is digitized by the 24-bit AD converter. This is a delta-sigma type AD converter and has differential inputs, programmable internal gain (which amplifies the signal up to 128 times), an internal voltage reference of 2.048 V, and a sampling rate of up to 2 kHz. The sampling rate used for this circuit was 20 samples per second.
C. TEMPERATURE CONTROL SYSTEM
Although some emitters operate in the range of −200 • C to +50 • C, their parameters are not the same across the range. This is because there is a reduction in the emission intensity of the LED with increasing temperature, in addition to shifting of the emission peak to a value other than the nominal one of the component.
As the principle of the system is based on the measurement of luminous intensity, the variation that occurs with the change in temperature causes erroneous measurements. It is desirable that the increasing or reduction of the signal received by the photodetector is due to the absorption occurring in the analyzed sample and not changes caused by the displacement of the emitted spectrum.
To reduce the influence of temperature in the system, the optical structure composed of the integrating sphere, conditioning circuit, photodiode, and LEDs was allocated inside a closed compartment with temperature control, where the temperature is stabilized at 25 • C so that the thermal effects acting on the components are minimized.
The temperature control system consists of the following: a Peltier chip, heatsinks, fans, and a temperature sensor (LM92). The thermoelectric chip is powered by a pulse-width modulation (PWM) signal that allows a precise power control over the Peltier module. The heating/cooling can be controlled according to the polarization of the voltage applied to the Peltier chip's terminals with an H-bridge.
The performance of the temperature control is performed in a closed loop with a proportional-integral (PI) controller. This causes the system to control the temperature autonomously.
The thermal system also has two sets of heatsinks and fans. One of them was installed inside the enclosure with the aim of accelerating the temperature setting. The other one was used to dissipate the heat flow of the opposite side to the environment, maintaining a high Peltier's performance coefficient.
VI. PROPOSED SYSTEM VALIDATION
To validate the proposed methodology, that is, to verify the repeatability of the system response and its behavior in case of absorption of some wavelength, besides measuring the contribution, in tension, of each wavelength used, different tests were performed. In the first set of tests (Fig. 10) , a reflective surface was positioned in the sample holder. This surface had dimensions of 30 mm × 30 mm and a thickness of 3 mm. It was made in ABS coated with barium sulfate, as used in the rest of the sphere. All the LEDs were turned on for measurement of the voltage signal at the output of the detection circuit, without absorption at a specific wavelength through a sample. Then, each set of LEDs with the same emission range was switched off separately to measure their contribution to the voltage signal at the system output.
In the second set of tests (Fig. 11 ), three optical filters with different bandwidths were positioned in the sample port to verify the attenuation due to their transmission. The system output voltage was measured as follows: Three readings were FIGURE 11. Filter positioned in sample holder port.
performed, each with 1,200 points, and the average of all these points was calculated to result in one measurement. This measurement process was performed 30 times, for each configuration described above.
All the data collected by the ADC refer to the voltage at the point V 3 of the photodiode conditioning circuit, shown in Fig. 9 .
Three optical filters with different center wavelengths, manufactured by ThorLabs and shown in Table 2 , were used for performing the prototype validation tests. Since the filters have known characteristics, reported by the manufacturer, it is possible to determine which wavelength used is transmitted, while the rest of the spectrum is reflected by the surface of the sphere until the arrival to the sensor. 
VII. EXPERIMENTAL RESULTS

A. DEVELOPED PROTOTYPE
The developed prototype is shown in Fig. 12 . A 15-mm MDF base was used to attach all the parts composing the structure. In Fig. 12 , denoted by the number 1, is the integrating sphere, photodiode, and detection circuit board. In 2, there is the temperature control system with the Peltier chip, heatsinks, and fans. In block 3, the temperature control board is displayed. The boards seen in section 4 are the LED emission modules. At number 5, the interface circuit board is presented, which shows the current temperature of the interior of the prototype on a 20 × 2 LCD. Fig. 13 shows the interior of the integrating sphere with the uniform application of the polymer used, in this case, barium sulfate. The bottom side of the sphere, the left piece shown in Fig. 13 , have a port of 15 mm in diameter for light entrance, FIGURE 12. Image of the developed prototype. and half part of the port for the exit of the reflected light to the detection system, whereas the top side of the sphere, the piece in right, contains a 12.50-mm port for the sample, and another half of the exit port. As already described, it was not possible to obtain the correct sphere's reflectance index value, ρ, because it has an inadequate format for use in commercial equipment that measures reflectance.
B. TESTS AND VALIDATION
As described in Section VI, the tests were performed with a reflective surface and filters (three distinct bandpass regions) in the sample holder. For the first configuration, six emitter modes were made, as shown in the first column of Table 3 . The results obtained with the filters are presented in Table 4 . The values given in these Tables were determined from 30 tests, totaling 270 measurements. In Table 3 , it is observed that the maximum voltage obtained in the system, without the spectrum being absorbed by a sample, is 1.7548 V. With this result, the contributions of each set of LEDs were calculated. It was observed that the emitters with lower wavelengths have a more significant contribution.
With the observation of the column with the standard deviation result of the 30 measurements in Table 3 , it can be concluded that the system has good repeatability, since the highest value found was 1.2106 · 10 −3 . For a better visualization of this result, the graph of the dispersion of the measures (Fig. 14) is shown, which resulted in the worst case (LED 1,450 nm off).
The filters used to simulate the absorption of specific wavelengths that would occur in a sample, have center wavelengths 1,400 nm, 1,650 nm, and 2,000 nm. Fig. 15 was elaborated as a way of visualizing the responses of the overlapping filters to the regions of emission of the LEDs used. The filters' manufacturer provided the transmission range from each one. It can be observed in the results that, for the filters, wavelengths of 1,400 nm, 1,650 nm and 2,000 nm, with maximums of 1.7440 V, 1.7448 V, and 1.7426 V, respectively, were found. There was an attenuation concerning the maximum value obtained in the previous configuration, since the filters allow the passage of light in the sample port. A portion of the spectrum was transmitted, while the spherical surface reflected the remaining part until it reached the sensor port.
The filter with the largest transmission band had the lower signal read by the photodiode conditioning circuit, which was expected because of the 2.000-nm filter's response to the three different wavelengths that were used. As can be seen, the 1.650 nm filter had a higher voltage reading value comparison with the other ones because of its responses to just one LED's wavelength. Although the 1.400-filter also allowed only one wavelength to be transmitted, the contribution of LEDs at 1,450 nm was higher.
VIII. CONCLUSION
This work presented the development of an optoelectronic system for the qualification of non-homogeneous substances. The tests to verify the operation of the system were carried out with three filters with distinct bandwidths. The results showed that the signals received at the sensor, when the filters were positioned on the sample port, were always smaller than the value of the voltage signal used as the reference (1.7548 V). Thus, it is possible to conclude that the prototype can detect changes in the level of electromagnetic radiation emitted by light sources that interact with the substance under analysis. The wavelengths of the LEDs used can be changed according to the substance to be identified, making the prototype modular. The standard deviations obtained from the tests show that the system has high repeatability, and the most substantial deviation found has the value of 1.2106 · 10 −3 V, referring to the 1,450 nm off LED.
A modular structure used to develop the prototype presented various advantages in maintenance and firmware problems identification. Also, the greatest ease in using a modular prototype is the easy replacement of the wavelengths of interest. In this way, the next step is the application of the same procedure adopted in this work for substances that respond to the visible spectrum, since the emitters in this region present significantly lower bandwidth. 
